It is important for the design and verification of rail
Introduction
Rail clips used in rail fastening systems are designed to assure durability against fatigue caused by the design force, calculated from the loads generated by a running vehicle, acting on the system. It is known that there is some allowance between the loads (wheel load and lateral force) and the design force. Therefore, it is important to clarify the permissible lateral force in consideration of an increase in lateral force. This study proposes a method for predicting the fatigue life of a rail clip and describes validation of the method through loading tests conducted on a test track. The fatigue life was then calculated and the permissible lateral force for a conventional rail fastening system was proposed, based on the calculation result. Figure 1 shows the proposed method for predicting the fatigue life of a rail clip. The fatigue life is predicted on the basis of the relationship between loads, such as wheel load and lateral force, and stress on the rail clip. This method is based on the following hypotheses: a) Temporal change in wheel load and lateral force measured at specific locations along the railway track is equal to that measured on a vehicle under the same track conditions. b) Wheel load and lateral force measured on a vehicle under given track conditions are expressed by some kind of probability distribution. c) Rail clip stress is determined by wheel load and lateral 
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force directly and unambiguously and the occurrence probability is expressed by the probability of the simultaneous occurrence of wheel load and lateral force. d) The fatigue life of the rail clip is determined on the basis of Minor's rule (Linear cumulative fatigue damage rule). In this method, the probability distribution of the occurrence and probability density of the wheel load and lateral force are determined on the basis of measured data on a vehicle. The stress generated on the rail clip is expressed as a regression equation using wheel load and lateral force as follows:
where P i is wheel load; Q j lateral force; S i, j stress generated on the rail clip, and a, b, c, the parameters determined through tests on the test track as explained below. The amplitude of the stress and the mean stress are derived from the above-mentioned generated stress and the initial fastening stress, and the amplitude of stress is adjusted to so that the mean stress is 0 N/mm 2 using Goodman diagrams for the spring steel. On the other hand, the relationship between the amplitude of stress and the cycle number for the spring steel (SUP9) is expressed on the basis of Minor's rule and several data from the fatigue test on spring steel, as follows: On the other hand, the occurrence probability of S i,j is derived from the probability of the simultaneous occurrence of the wheel load and the lateral force, therefore the expected fatigue damage per single passing axle is expressed as the multiplication of the occurrence possibility of S i,j by (1/n i,j ). According to Minor's rule, the fatigue life is determined when accumulation of the fatigue damage reaches 1, and where the number of the accumulated passing axles is N, the above-mentioned relationship is expressed as follows:
The number N means the fatigue life expressed in units of number of accumulated axles. It is converted into an accumulated passing tonnage by being multiplied by the axle load.
Loading tests on a test track
Outline of the loading tests
The loading tests on a test track were conducted to establish the relationship between the stress on a rail clip, and loads, i.e. wheel load and lateral force. The outline of the test track is indicated in Fig. 2 . The test track consisted of 9 half sized sleepers, fastening systems and JIS 50 kgN rail in order to reproduce actual track conditions. A type 9 rail fastening system for a ballasted curved track section was used. The sleepers were laid on rubber pads (vertical stiffness of 49 kN/mm) to reproduce the vertical stiffness of ballast. The load was applied statically at angles ranging from 45 to 65 degrees in 5-degree intervals, to the side of the rail head in the direction from the gauge corner side toward the outside track and the maximum applied load was 100 kN. Strain gauges were put on the rail clips as shown in Fig. 2 (d) and the generated stress was calculated using the difference in stress compared with the initial fastening condition. A larger generated stress was used for the measurement points placed symmetrically in the plate width direction. Figure 3 shows the relationship between the lateral force and the stress generated on the rail clip on the gauge corner side of the track measured at point D. At point D, the relationships between the lateral forces and the stresses generated on rail clip are almost the same, independent of the loading angle, and the effect of the wheel load was low at all loading angles.
Test result and analysis
A multiple regression analysis was performed using data on wheel load, lateral force and amplitude of stress on the rail clips, based on the relationship between the load and the generated stress on the rail clip, as described above. Table 1 shows the results of the analysis. Results indicate parameter b, which means the effect on lateral force is largest at measurement point D, and stress is most severe at point D in terms of rail clip fatigue failure. Based on this result therefore, the relationship between the loads (the wheel load and the lateral force) and the variation in stress on the rail clip at point D were used in this study.
Estimation of fatigue life of rail clip and permissible lateral force
Based on the method described above, the fatigue life of the rail clip was calculated and the permissible lateral force was examined.
Fatigue life calculation
The fatigue life was calculated considering the following conditions: a) The wheel load follows a normal distribution and the average value is set at 50 to 80 kN. The standard deviation is set at 10% of the average value. b) The lateral force follows a normal distribution and the average value is set at 10 to 80 kN. The standard deviation is set at 5 to 25 kN. c) The axle load is set to twice the average wheel load.
d) The stress on the rail clip measured at point D in Fig.  2 (d) is the subject of investigation. e) The lateral force generated by the rear axle of the bogie is set to half the lateral force generated by the front axle. f) The initial fastening stress is set at 800 N/mm 2 , in reference to past loading tests results, which indicates this as the safe side value in consideration of the variation in properties of the products and excess rail clip fastening. Table 2 shows some examples of the calculated rail clip fatigue life, indicated in accumulated passing tonnage corresponding to the fracture. The fatigue life differs depending on the combination of the average value and the standard deviation of the lateral force even if the lateral force is the same value. Additionally, the fatigue life increases as the average wheel load increases. This is because the plus and minus of the coefficients 'a' and 'b' of the wheel load and lateral force with respect to the generated stress are opposite to each other at point D of the rail clip on the track outer side, as shown in Table 1 
Discussion regarding the permissible lateral force
The calculation of the fatigue life against the combination of the average and the standard deviation of the lateral force is carried out in particular where the accumulated passing tonnage was 300 or 600 MGT under the conditions indicated in section 4.1. Assuming that the limit of fatigue durability of the rail clip is from 300 to 600 MGT in terms of accumulated passing tonnage, the envelope curve indicated in Fig. 4 is the limit against the arbitrary combination of the average and the standard deviation of the lateral force in relation to the rail fastening system. Regarding the evaluation of the permissible lateral force, the combination of the average lateral force and the standard deviation is to be checked to determine whether it is within the envelope curve or not.
When the average lateral force is indicated as m and the standard deviation of the lateral force is indicated as σ , the maximum value of the lateral force occurring usually is indicated as (m+σ) and the local maximum value of the lateral force occurring rarely is indicated as (m+3σ). The relationship between the average lateral force and (m+σ) or (m+3σ) is shown in Fig. 5 for where the accumulated passing tonnages are 300 and 600 MGT. For example, where the average lateral force is 40 kN, the permissible lateral force against the maximum value is 53 kN and the permissible lateral force against the local maximum value is 78 kN under the condition that the accumulated passing tonnage is 300 MTG in Fig. 5 (a) .
Conclusions
This study proposed a method for predicting the fatigue life of rail clips on rail fastening systems and the permissible lateral force was examined on the basis of the calculated fatigue life. The following results were obtained: (1) A proposal was made for a method to predict the fatigue life of rail fastening systems based on the relationship between loads (the wheel load and the lateral load) and stress on rail clips, established during loading tests. (2) The loading tests on a test track were conducted to determine the stress on rail clips on a type 9 fastening system for the ballasted curved track, when wheel loads and lateral forces were applied. (3) The fatigue life of the rail clip for the rail fastening system under various combinations of wheel load and lateral force was calculated using the proposed method. (4) The permissible lateral force was found using the average and the standard deviation of the lateral forces based on the calculated rail clip fatigue life. 
